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A Conserved Degradation Signal Regulates
RAG-2 Accumulation during Cell Division
and Links V(D)J Recombination to the Cell Cycle
Zhong Li, Dominic I. Dordai, Jinhak Lee, Boubnov and Weaver, 1995), a heterodimer that binds
DNA ends and associates with DNA-PKCS. While theand Stephen Desiderio
functions of DNA-PKCS and Ku are as yet unclear, theyDepartment of Molecular Biology and Genetics
may initiate one or more signal transduction pathwaysand Howard Hughes Medical Institute
that trigger cellular responses to DNA damage. It is notThe Johns Hopkins University School of Medicine
known whether DNA-PKCS and Ku play direct roles inBaltimore, Maryland 21205
V(D)J recombination or whether they recruit other pro-
teins that act directly.
The involvement of double-strand DNA cleavage inSummary
V(D)J recombination has suggested that this process is
coupled to the cell cycle, as the presence of double-The proteins RAG-1 and RAG-2 are essential for initia-
strand breaks during DNA replication or mitosis couldtion of V(D)J recombination. In dividing cells, RAG-2
interfere with faithful transmission of genetic informationaccumulates during G1 and is undetectable during the
to daughter cells. Coupling of V(D)J recombination toS and G2/M cell cycle phases. A conserved degrada-
cell cycle phase could be accomplished by controllingtion signal, including an essential CDK phosphoryla-
expression or activity of RAG-1 or RAG-2, because bothtion site at Thr-490, regulates RAG-2 accumulation
proteins are required for site-specific double-strandduring cell division and links V(D)J recombination to
cleavage at recombination signals. Three lines of evi-the cell cycle. Mutations within this signal abolish peri-
dence indicate that V(D)J recombination is initiated pref-odic degradation of RAG-2 protein in dividing cells. In
erentially or exclusively in the G0/G1 cell cycle phases.mice expressing endogenous or wild-type transgenic
First, a relative elevation in the steady-state levels ofRAG-2, V(D)J recombination intermediates accumu-
RAG-1 and RAG-2 transcripts is observed in subsets oflate preferentially in G0/G1 thymocytes; this restriction
immature B and T lymphoid cells that are resting oris relieved by mutation of Thr-490 to alanine (T490A).
slowly dividing (Karasuyama et al., 1994; Rolink et al.,Thus, periodic destruction of RAG-2 protein couples
1994; Wilson et al., 1994). Second, in thymus and inV(D)J recombination to cell cycle phase. Using trans-
transformed lymphoid cells, RAG-2 protein accumulatesgenic mice expressing the T490A RAG-2 mutant and
preferentially in G0/G1 cells and is present at very lowa functional T cell receptor b chain, we demonstrate
or undetectable levels during the S and G2/M cell cyclethat coupling of V(D)J recombination to the cell cycle
phases (Lin and Desiderio, 1994). Third, in thymocytes,is not essential for enforcement of allelic exclusion.
double-strand breaks at the recombination signal se-
quences associated with immunoglobulin JH and T cell
Introduction receptor (TCR) Dd2 segments are recovered preferen-
tially from quiescent and G1 phase cells (Schlissel et
The antigen receptors of B and T cells are encoded in al., 1993; Desiderio et al., 1996).
the germline by discrete DNA segments, V, D, and J, The oscillation of RAG-2 protein in dividing lymphoid
that are joined during lymphocyte development. This cells is not accompanied by corresponding changes in
process, termed V(D)J recombination, is mediated by the steady-state levels of RAG-2 transcripts (Lin and
conserved signal sequences and is the only known form Desiderio, 1994), indicating that periodicity of RAG-2
of site-specific DNA rearrangement in vertebrates expression is enforced at the posttranscriptional level.
(Lewis, 1994). V(D)J recombination is initiated by the We previously have presented evidence that RAG-2 ac-
recombination-activating proteins RAG-1 and RAG-2 cumulation is governed by signals residing within the
(Schatz et al., 1989; Oettinger et al., 1990), which act carboxy-terminal 89 amino acid residues of the protein
together at the junctions between coding segments and (Lin and Desiderio, 1993). This region spans a site of
recombination signal sequences to produce two types phosphorylation by cyclin-dependent kinases (CDKs) at
of DNA end: a signal end, terminating in a blunt, double- Thr-490; mutation of Thr-490 to alanine was shown to
strand break, and a coding end, terminating in a DNA prolong greatly the half-lifeof RAG-2. Furthermore, dele-
hairpin (McBlane et al., 1995; van Gent et al., 1995, 1996). tion of the carboxy-terminal 29 amino acid residues of
The subsequent formation of coding and signal joints RAG-2, which spares the phosphorylation site at Thr-
requires the activity of at least four genes, XRCC4, 490, results in increased RAG-2 expression and accu-
XRCC5, XRCC6, and XRCC7, that also function in gen- mulation of a phospho-Thr-490 form of the protein. This
eral double-strand DNA break repair (Pergola et al., is consistent with the idea that phosphorylation of
1993; Taccioli et al., 1993; Lee et al., 1995; Zdzienicka, RAG-2 by one or more CDKs targets it for rapid degrada-
1995). XRCC4 encodes a 38 kDa polypeptide of un- tion (Lin and Desiderio, 1993).
known function and with no homology to known proteins The preceding observations suggested that control
(Li et al., 1995). XRCC7 encodes DNA-PKCS, the 460 kDa of RAG-2 stability might govern periodic accumulation
catalytic subunit of a DNA-dependent protein kinase of RAG-2 in the cell cycle, which in turn could restrict
(Blunt et al., 1995; Hartley et al., 1995; Kirchgessner et initiation of V(D)J recombination to G0/G1. We now de-
al., 1995; Peterson et al., 1995); XRCC5 and XRCC6 scribe critical tests whose results provide strong sup-
together encode Ku (Getts and Stamato, 1994; Rathmell port for this hypothesis. First, we define the major deter-
minants of RAG-2 instability. These consist of a minimaland Chu, 1994; Smider et al., 1994; Taccioli et al., 1994;
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Figure 1. Determinants of RAG-2 Accumulation Lie within the Interval Spanning Residues 489–508
(A) Alignment of RAG-2 carboxy-terminal amino acid sequences. Species of origin are designated at left. Hyphens indicate identity to the
mouse sequence; ellipses indicate gaps introduced to optimize alignment. Invariant residues are underlined. The CDK phosphorylation site
at Thr-490 is marked with an arrow. Asterisks designate other critical determinants of RAG-2 stability, as identified in experiments described
below.
(B) Scanning mutagenesis of mouse RAG-2 in the region from residue 439 through 527. The wild-type RAG-2 sequence is given at top.
Sequences of mutant RAG-2 proteins in the interval from residue 439 through 527 are given in lines (a) through (k). Designations of mutant
proteins are given at left. Hyphens mark unmutated residues; ellipses mark deletions.
(C) Accumulation of wild-type and mutant RAG-2 proteins. Wild-type or mutant RAG-2 proteins were expressed in 293 cells by transient
transfection. Lysates were prepared at 48 hr after transfection; equivalent amounts of total protein (100 mg) were fractionated by 7.5%
SDS–PAGE. RAG-2 was detected by immunoblotting with Ab435 (Lin and Desiderio, 1993). Lane 1, pcDNA I vector alone; lane 2, wild-type
RAG-2; lane 14, RAG-2(T490A); lanes 3–13, alanine substitution mutants. Letters (a)–(k) (above) correspond to designations given in (B).
CDK phosphorylation site at residues 490 and 491 and mechanism by which initiation of V(D)J recombination
is linked to cell cycle phase.a cationic interval extending from residues 499 through
508. Next, we show that these determinants also govern
the periodic disappearance of RAG-2 protein in cycling
cells: mutation of either is sufficient to abolish degrada- Results
tion of RAG-2 protein at the G1–S boundary and to per-
mit constitutive accumulation of RAG-2 throughout the Determinants of RAG-2 Accumulation Reside
within the Interval from Residue 489cell cycle. Last, we demonstrate a link between cell
cycle–dependent expression of RAG-2 protein and initi- through 508
Sequences governing accumulation of RAG-2 proteination of V(D)J recombination by examining transgenic
mice in which expression of wild-type or Thr-490 mutant had been shown previously to reside within 89 amino
acid residues of the carboxyl terminus (Lin and Desi-RAG-2 protein is targeted to thymus. In mice expressing
endogenous or wild-type transgenic RAG-2, V(D)J re- derio, 1993). This portion of RAG-2, while dispensable
for V(D)J recombination (Cuomo and Oettinger, 1994;combination intermediates accumulate exclusively or
preferentially in G0/G1 thymocytes. This restriction is Sadofsky et al., 1994), is nonetheless phylogenetically
conserved (Figure 1A). To define determinants of RAG-2relieved by mutation of the CDK site at Thr-490. Taken
together, the results described here outline a specific accumulation residing in this interval, we scanned the
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Figure 2. Identification of Amino Acid Resi-
dues Governing RAG-2 Accumulation
(A) The invariant residues Thr-490 and Pro-
491 are the major determinants of RAG-2 ac-
cumulation in the interval spanning residues
489–498. Upper panel, wild-type RAG-2 se-
quence in the region from residue 489
through 508 (top line) and sequences of mu-
tant proteins in the corresponding interval
(lines [a]–[g]). Invariant residues are under-
lined. Hyphens indicate identity to the wild-
type sequence. Middle panel, accumulation
of wild-type and mutant RAG-2 proteins.
Transfection of 293 cells and immunoblotting
were performed as described in Figure 1C.
Lower panel, accumulation of wild-type and
mutantRAG-2 RNA. Total RNAwas harvested
from 293 cells at 48 hr after transfection, frac-
tionated by electrophoresis through 1% aga-
rose (20 mg per sample), and assayed for hy-
bridization to a RAG-2-specific cDNA probe.
Lane 1, pcDNA I vector alone; lane 2, wild-
type RAG-2; lanes 3–9, mutant RAG-2 pro-
teins. Letters (a)–(g) correspond to mutants
as designated in the upper panel.
(B) Mutations affecting accumulation of
RAG-2 in the interval spanning residues 499–
508. Sequences of wild-type and mutant
RAG-2 proteins in the interval from residue
489 through 508 are given in the upper panel;
accumulation of RAG-2 protein and RAG-2
RNA in transfected 293 cells is assayed in the
middle and lower panels, respectively. Lane
1, pcDNA I vector alone; lane 2, wild-type
RAG-2; lanes 3–9, mutant RAG-2 proteins.
Letters (a)–(g) correspond to mutants as des-
ignated in the upper panel.
region from residue 439 through 527 with clustered ala- RAG-2 protein was not accompanied byincreased levels
of RAG-2 RNA (data not shown), indicating that the 489/nine substitutions and assayed the effects of these mu-
tations on accumulation of RAG-2 protein in transfected 498A10, 499/508A10, and 489/508A10 mutations act post-
transcriptionally, as has been established for the T490A293 cells. Replacement of residues 489–498 (RAG-2
(489/498A10)), 499–508 (RAG-2(499/508A10)), or 489–508 mutation (Lin and Desiderio, 1993).
(RAG-2(489–508A10)) resulted in hyperaccumulation of
RAG-2 protein;mutations outside of those intervals were A Conserved CDK Phosphorylation Site Is
the Major Determinant of RAG-2not associated with increased expression (Figures 1B
and 1C). The steady-state amounts of RAG-2(489/ Accumulation in the Interval
Spanning Residues 489–498498A10), RAG-2(499/508A10), and RAG-2(489–508A10)
were increased roughly 20-fold relative to wild-type, Amino acid residues governing RAG-2 accumulation
were identified more precisely by construction of singlesimilar to the increase observed for RAG-2(T490A) (Fig-
ure 1C; Lin and Desiderio, 1993). Hyperaccumulation of and multiple alanine substitutions (Figures 2A and 2B,
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top). Within the interval from residue 489 through 498, lysine at residues 507 and 508 had a somewhat greater
effect (Figure 2B, lane 7). Restoration of lysine at alltwo residues, Thr-490 and Pro-491, are phylogenetically
invariant. These residues conform to the minimal con- three positions (RAG-2(499/502A4, 504/506A3)) reduced
the level of protein accumulation to within twice that ofsensus sequence for phosphorylation by CDKs, namely
a serine or threonine residue followed by proline. Thr- wild-type RAG-2 (Figure 2B, middle, lane 8). Introduction
of arginine into RAG-2(499/508A10) at positions 507 and490 is phosphorylated by cdc2 invitro, and phosphoryla-
tion of Thr-490 in vivo is detected only under conditions 508 (RAG-2(499/506A8, 507/508R2)) had an effect similar
to restoration of lysine at the same positions (Figurein which degradation of RAG-2 is impaired (Lin and De-
siderio, 1993), suggesting that this minimal CDK phos- 2B, middle, lane 9). Taken together, these observations
indicate that the presence of multiple cationic residuesphorylation site is a determinant of RAG-2 accumu-
lation. in the interval from 499–508 is a critical determinant
of RAG-2 accumulation. Other residues in this region,Consistent with this idea, the RAG-2(P491A) mutant
accumulated to the same extent as RAG-2(T490A) and however, are also likely to contribute, since the RAG-
2(K499A,K503A, 507/508A2)mutant failed to accumulateRAG-2(489/498A10) (Figure 2A, middle, compare lanes
4, 5, and 8). Mutants carrying a two amino acid substitu- to the same level observed for RAG-2(499/508A10).
tion at Lys-492 and Arg-493 (Figure 2A, middle, lane 6),
a five amino acid substitution at residues 494–498 (Fig- Hyperaccumulation of RAG-2 Mutants Is
ure 2A, lane 7), or a single amino acid substitution at the Result of Increased Protein Stability
Gln-489 (Figure 2A, middle, lane 3) showed little or no Increased accumulation of RAG-2(T490A) was pre-
hyperaccumulation. Furthermore, when all residues in viously shown to result from prolongation of protein half-
the 489–498 interval were replaced by alanine except life (Lin and Desiderio, 1993). As accumulation of RAG-2
for Thr-490 and Pro-491, the resulting mutant protein, RNA was unaltered by any other mutation in the 489–508
RAG-2(Q489A, 492/498A7), exhibited only a 2-fold in- interval (Figures 2A and 2B, bottom), these also ap-
crease in accumulation over wild type (Figure 2A, mid- peared to exert their effects on RAG-2 accumulation at
dle, lane 9), indicating that Thr-490 and Pro-491 are the posttranscriptional level. We therefore determined
the major determinants of RAG-2 accumulation in the the effects of selected mutations on the rates of synthe-
interval from residues 489–498. Accumulation of RAG-2 sis and degradation of RAG-2 protein. The P491A (Figure
RNA was unaltered by any of the mutations assayed 3A, lane 4), 489/498A (lane 6), and 499/508A mutants
(Figure 2A, bottom). (lane 5), like the T490A mutant (lane 3), are synthesized
at rates similar to that of wild-type RAG-2 (lane 2). In
contrast, the P491A, 489/498A, 499/508A, and T490AHyperaccumulation of RAG-2 Protein Is
mutants all exhibited half-lives of greater than 200 min,Associated with Mutation of Multiple
as compared with approximately 10 min for wild-typeCationic Residues in the Interval
RAG-2 (Figure 3B). Increased stability of these mutantSpanning Residues 499–508
proteins therefore accounts for their hyperaccumula-Each of the ten residues in the interval from 499 through
tion. Strikingly, back-mutation of RAG-2(489/498A) at508 was mutated singly to alanine; in every instance
positions 490 and 491 (RAG-2(Q489A, 492/498A7)) re-accumulation of RAG-2 protein was indistinguishable
stored protein turnover to nearly the wild-type level (Fig-from that of wild type (data not shown). Phylogenetic
ure 3B) without affecting synthetic rate (Figure 3A, lanecomparison of RAG-2 sequences revealed conservation
7). The observed half-life of RAG-2(Q489A, 492/498A7)of lysine or arginine at positions 499, 503, 507, and 508.
was about 25 min; this is consistent with the 2-foldA single exchange of arginine for lysine at each of these
increase in its accumulation over wild-type and confirmspositions in the murine sequence had no effect on accu-
the importance of Thr-490 and Pro-491 as determinantsmulation of RAG-2 (data not shown). Simultaneous re-
of RAG-2 instability.placement of all four lysine residues with alanine (RAG-2
(K499A, K503A, 507/508A2)) resulted in increased RAG-2
accumulation (Figure 2B, middle, compare lanes 2 and The Presence of a CDK Phosphorylation Site
Is the Essential Feature of the RAG-24), although significantly less than observed when the
entire interval was replaced (Figure 2B, middle, lane Degradation Signal in the Region
from Residue 489 through 4985). Interestingly, a mutant protein carrying an alanine
substitution at position 499 and arginine substitutions The stabilizing effects of mutations at Thr-490 and Pro-
491 are consistent with the idea that the presence of aat positions 503, 507, and 508 showed no increase in
accumulation over wild type (Figure 2B, middle, lane CDK phosphorylation site is an essential feature of the
RAG-2 degradation signal. To examine this further, we3), suggesting that the presence of multiple cationic
residues within the interval from 499–508 is critical for tested the ability of CDK–cyclin complexes to phosphor-
ylate synthetic peptides representing wild-type and mu-reduction of RAG-2 accumulation to the wild-type level.
This was examined by progressive reintroduction of tant RAG-2 sequences in the vicinity of residue 490. A
peptide containing residues 486–498 of wild-type RAG-2lysine residues into the RAG-2(499/508A10) mutant at
their original positions (Figure 2B, middle, lanes 6–8). was readily phosphorylated by cyclin B–cdc2 in vitro
(Figure 4A, lane 3). As expected, phosphorylation wasRestoration of lysine at position 503 (RAG-2(499/502A4,
504/508A5)) was associated with a modest decrease in abolished by mutation of the acceptor site at Thr-490
to alanine (Figure 4A, lane 2). Phosphorylation was alsoRAG-2 accumulation relative to RAG-2(499/508A10) (Fig-
ure 2B, middle, compare lanes 5 and 6); reintroduction of abolished by mutation of Pro-491 (Figure 4A, lane 1),
Cell Cycle Control of V(D)J Recombination
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Figure 3. Mutations That Cause Hyperaccu-
mulation of RAG-2 Act by Prolonging Protein
Half-Life
(A) Wild-type and mutant RAG-2 proteins are
synthesized at similar rates. 293 cells were
transfected with pcDNA I vector alone (lane
1) orwith plasmids encoding wild-type RAG-2
(lane 2), RAG-2(T490A) (lane 3), RAG-2
(P491A) (lane 4), RAG-2(499/508A10) (lane 5),
RAG-2(489/498A10) (lane 6), or RAG-2(Q489A,
492/498A7) (lane 7). At 48 hr after transfection
cells were pulse labeled with [35S]methionine
for 15 min and then lysed in RIPA buffer. Ra-
diolabeled RAG-2 was immunoprecipitated
with Ab435, fractionated by 7.5% SDS–
PAGE, and visualized by autoradiography.
Positions of molecular mass markers and
their apparent sizes (in kilodaltons) are indi-
cated at right.
(B) Degradation of wild-type and mutant
RAG-2 proteins. 293 cells expressing wild-
type or mutant RAG-2 proteins were pulse
labeled for 15 min with [35S]methionine. Label
was chased in medium containing a 30,000-
fold excess of unlabeled methionine and 10
mg/ml cyclohexamide. At various times, ra-
diolabeled RAG-2 was assayed as in (A) and
quantitated by densitometry. Data are nor-
malized to the levels at time zero after pulse,
and this value (fraction RAG-2 remaining) is
plotted logarithmically as a function of time.
Individual curves are identified at rightby cor-
responding sequences of wild-type and mu-
tant proteins in the interval from residue 489
through 508.
but not by mutation of Lys-492 and Arg-493 (lane 6). the resulting mutation (T490S) on peptide phosphoryla-
tion in vitro and RAG-2 accumulation in vivo. Serine wasSignificantly, when all residues in the interval from 489
through 498 except for Thr-490 and Pro-491 were mu- able to replace threonine as a phosphate acceptor for
cyclin B–cdc2 and cyclin E–CDK complexes (Figure 4A,tated to alanine, the resulting peptide could still bephos-
phorylated (Figure 4A, lane 4); retention of Thr-490 in lane 7; data not shown). If the essential feature of the
degradation signal in the 489–498 interval were the pres-the absence of Pro-491, however, was insufficient to
support phosphorylation (Figure 4A, lane 5). A peptide ence of a CDK phosphorylation site, then RAG-2(T490S)
and wild-type RAG-2 would accumulate to similar levels.corresponding to residues 486–498 of wild-type RAG-2
was also phosphorylated in vitro by an immunopurified In agreement with this prediction, accumulation of the
RAG-2(T490S) mutant was indistinguishable from thatcyclin E–CDK complex (data not shown), suggesting
that the ability to phosphorylate RAG-2 is not peculiar of wild type in transfected 293 cells (Figure 4B, compare
lanes 2 and 3). (Bands at about 52 and 100 kDa areto cyclin B–cdc2 complexes. Overall, these results indi-
cate a strict correspondence between RAG-2 instability present in nontransfected control cells and represent
cross-reactive species; the prominent band at about 45in vivo and the ability of Thr-490 to act as a target for
phosphorylation by CDKs in vitro. kDa in lane 4 of Figure 4B represents a proteolytic prod-
uct of RAG-2 commonly observed in overexpressingTo extend this correlation, we substituted serine for
threonine at residue 490 and examined the effects of cells.)
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Figure 4. Sequences That Support Rapid Degradation of RAG-2 Protein Define Substrates for CDK Phosphorylation
(A) Synthetic peptides derived from wild-type and mutant RAG-2 sequences in the region spanning residues 489–498 were tested for their
ability to serve as cyclin B–cdc2 substrates. Each peptide was incubated with cyclin B–cdc2 in the presence of [g-32P]ATP as described in
Experimental Procedures; products were separated by ascending thin-layer cellulose chromatography in butanol:pyridine:acetic acid:water
(60:40:20:80), and 32P was detected by autoradiography. Peptides were localized by ninhydrin staining; under conditions used here, all peptides
assayed migrated within a narrow range of mobilities as indicated by the bracket (Pep) at left. The positions of ATP and inorganic phosphate
(Pi) are also indicated. Lanes 1–7, products of reactions performed in the presence of synthetic peptides, as indicated above; lanes 8 and 9
represent reactions carried out in the absence of peptide and kinase, respectively.
(B) Wild-type RAG-2 and RAG-2(T490S) accumulate to similar levels. 293 cells were transfected with plasmids encoding wild-type or mutant
RAG-2 proteins, lysed at 48 hr, and assayed for RAG-2 protein by immunoblotting as described in Figure 1C. Lane 1, transfection with vector
alone; lanes 2–4, transfections with plasmids encoding wild-type RAG-2, RAG-2(T490S), or RAG-2(T490A), respectively. The positions and
sizes (in kilodaltons) of molecular mass standards are indicated at left. The position of RAG-2 is indicated by the arrow.
Mutations That Prolong the Half-Life of RAG-2 throughout the cell cycle (Figure 5B). Although the two
cell lines appeared to differ with respect to kinetics ofAlso Abrogate Its Periodic Disappearance
in the Cell Cycle cell cycle progression (the RAG-2DC-expressing cells
appeared to traverse cell cycle more quickly), a strikingThe periodic accumulation of cyclins in dividing cells is
established, in part, by regulation of protein degradation difference in accumulation of RAG-2 protein is clearly
seen upon comparison of samples with similar DNA pro-(reviewed by Murray, 1995). Reasoning that the periodic
accumulation of RAG-2 in cycling cells could be affected files. For example, while the 18 hr wild-type and 15 hr
mutant samples show similar enrichment for cells in Sby similar means, we tested whether mutations that pro-
longed RAG-2 half-life could abrogate the disappear- phase, comparison of RAG-2 protein accumulation in
the same samples reveals persistentexpression of RAG-ance of RAG-2 protein outside of the G0 and G1 cell
cycle phases. 2DC, but a substantial reduction in wild-type RAG-2
(Figures 5A and 5B).We first tested the effect of removing the carboxy-
terminal 29 amino acid residues of RAG-2 (RAG-2DC). We proceeded to ask whether the CDK phosphoryla-
tion site at Thr-490 and the cationic region from residueThis mutation, which removes the cationic region from
residues 499–508 and additional downstream residues, 489 through 509 were each essential for the periodic
disappearance of RAG-2 in cycling cells. Quiescent NIHhad been shown previously to result in protein hyperac-
cumulation (Lin and Desiderio, 1993). NIH 3T3 cells were 3T3 cells, stably expressing wild-type RAG-2, RAG-
2(T490A), or RAG-2(499/508A10), were induced to enterstably transfected with constructs encoding wild-type
RAG-2 or RAG-2DC. Cells were induced to enter quies- the cell cycle synchronously by serum supplementation;
DNA content and RAG-2 protein were assayed in parallelcence by serum withdrawal; upon readdition of serum,
cells were induced to transit the cell cycle synchro- at various times (Figure 5C). Wild-type RAG-2 was
readily detected at 5 and 8 hr after serum addition, atnously. At various times, aliquots of cells were assayed
in parallel for DNA content and RAG-2 protein. Wild- which times the bulk of the cell population had not yet
entered S phase. The amount of wild-type RAG-2 wastype RAG-2 protein was readily detectable in quiescent
cells; its amount declined markedly upon entry of cells seen to diminish markedly, however, as the cell popula-
tion moved into S phase at 11 hr and thereafter (Figureinto S phase, remained low through G2 and M phases,
and began to increase only after entry into G1 (Figure 5C, left). In contrast, no diminution in the amount of
RAG-2(T490A) (Figure 5C, middle) or RAG-2(499/508A10)5A). In contrast, RAG-2DC was expressed consistently
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Figure 5. Mutations Abrogating Periodicity of RAG-2 Accumulation
(A and B) Effect of carboxy-terminal truncation. NIH 3T3 fibroblasts, stably expressing (A) wild-type RAG-2 or (B) RAG-2 from which the
carboxy-terminal 29 residues had been removed (RAG-2DC), were made quiescent by serum withdrawal for 48 hr. Cells were induced to
transit the cell cycle synchronously by serum replenishment, and at various times samples were assayed in parallel for RAG-2 protein and
DNA content. For protein assays, cells were lysed in SDS lysis buffer; 100 mg protein from each sample was fractionated by 7.5% SDS–PAGE
and RAG-2 was detected by immunoblotting. Lanes V, cells stably transfected with vector alone; lanes S, cells prior to serum supplementation.
Numbers above other lanes indicate times after serum replenishment at which samples were collected. The position of RAG-2 is indicated
by an arrow. The corresponding DNA profiles, as measured by propidium iodide staining and fluorescence cytometry, are shown below.
Positions of cells with 2C DNA content are indicated by the vertical bars.
(C) The CDK phosphorylation site and the region from residue 489 through 509 are each essential for the disappearance of RAG-2 protein at
the G1–S transition. NIH 3T3 fibroblasts, stably expressing wild-type RAG-2, RAG-2(T490A), or RAG-2(499/508A10), were induced to enter
quiescence by serum starvation for 48 hr and then collected at various times after serum replenishment. Samples were assayed in parallel
for RAG-2 protein and DNA content as in (A) and (B). Cells expressing wild-type RAG-2, RAG-2(T490A), and RAG-2(498/508A10) are shown at
left, middle, and right, respectively. The position of RAG-2 is indicated by the arrow at left. Lanes V, cells stably transfected with vector alone.
Numbers above other lanes indicate times after serum replenishment at which samples were collected. The corresponding DNA profiles are
shown below. Positions of cells with 2C DNA content are indicated by the vertical bars.
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Figure 6. Expression of Wild-Type RAG-2 and RAG-2(T490A)
Transgenes in Thymus
(A) Diagram of RAG-2 transgene. Mouse RAG-2 or RAG-2(T490A)
coding sequences were subcloned into an expression vector con-
taining the proximal lck promoter (lck) and RNA processing signals
derived from the human growth hormone gene (hGH). The position
of the lck promoter is indicated by the arrow above. The expected
sizes, in nucleotides, of RNase protection products corresponding
to transgenic and endogenous transcripts are indicated by the bars
below.
(B) Total thymocyte RNA from a wild-type RAG-2 transgenic founder
(w6; lane 1) and two RAG-2(T490A) transgenic founders (m20 and
m24; lanes 2 and 3) was extracted and hybridized to a 32P-labeled
antisense RNA probe generated from the common 59 end of the
transgenes. RNA from a nontransgenic littermate (TG2; lane 4) was
analyzed in parallel. After nuclease digestion, protected RNA frag-
ments were fractionated by electrophoresis through an 8% poly-
acrylamide–urea gel. The positions of transgene-specific (TG) and
endogenous (E) RAG-2 transcripts are indicated by arrows at left.
Positions and lengths (in nucleotides) of single-strand DNA stan-
dards are indicated at right.
(C) RAG-2 and RAG-2(T490A) transgenes restore intrathymic differ-
entiation in RAG-22/2 mice.
(a–f) Analysis of thymocyte subsets. Thymocytes were harvested
from 7- to 10-day-old mice. Cells were stained with fluorescein-
conjugated anti-CD4 (X axis) and PE-conjugated anti-CD8 (Y axis). The following mice were analyzed: (a) nontransgenic RAG-21/1; (b)
nontransgenic RAG-22/2; (c) w61/2, RAG-22/2; (d) m201/2, RAG-22/2; (e) m241/2, RAG-22/2; (f) m201/2, RAG-21/1. At least four mice of each type
were examined individually; representative results are presented here.
(g) Thymic cellularity in mice bearing RAG-2 and RAG-2(T490A) transgenes. Thymi (2–6) were harvested from the following mice at 9–10 days:
nontransgenic RAG-21/1 (Normal); m201/2, RAG-21/1; m201/2, RAG-22/2; m241/2, RAG-22/2; and w61/2, RAG-22/2. Each symbol represents the
total number of mononuclear cells in a single thymus; the average for each set is represented by a horizontal bar.
(Figure 5C, right) was observed upon progression of of V(D)J recombination intermediates at the G0 and G1
cell cycle phases (Schlissel et al., 1993; Desiderio et al.,cells from G1 into S phase. These observations provide
strong evidence that control of RAG-2 stability governs 1996) is consistent with this possibility. Identification of
periodic accumulation of RAG-2 in the cell cycle. sequence elements essential for periodic degradation
of RAG-2 protein made it possible to conduct a direct
test of the hypothesis that cell cycle–dependent accu-Expression of a Degradation-Deficient Mutant
RAG-2 Protein in the Thymus Permits mulation of RAG-2 is limiting for accumulation of double-
strand DNA breaks at V(D)J recombination signals. WeAccumulation of V(D)J Recombination
Intermediates throughout the Cell Cycle pursued a three-step strategy: first, to construct mice
in which a wild-type or a degradation-deficient mutantThe periodic accumulation of RAG-2 protein could, in
principle, function to regulate initiation of V(D)J recombi- transgene was expressed in immature thymocytes; sec-
ond, to introduce these transgenes into a RAG-22/2nation during the cell cycle. Preferential accumulation
Cell Cycle Control of V(D)J Recombination
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Figure 7. The RAG-2 T490A Mutation Uncou-
ples Accumulation of V(D)J Recombination
Intermediates from the Cell Cycle
Assay for double-strand DNA breaks at the
TCR Jb2.5 heptamer recombination signal.
The following animals were analyzed: non-
transgenic RAG-21/1 (lanes 2–4); w61/2, RAG-
21/1 (lanes 5–7); m201/2, RAG-21/1 (lanes
8–10); w61/2, RAG-22/2 (lanes 11–13); m201/2,
RAG-22/2 (lanes 14–16); m241/2, RAG-22/2
(lanes 17–19); and nontransgenic RAG-22/2
(lane 20). Thymocytes were collected from
7- to 10-day-old mice, and cells with 2C (G0/
G1; lanes 3, 6, 9, 12, 15, and 18) or 4C (G2/M;
lanes 4, 7, 10, 13, 16, and 19) DNA content
were purified by a two-step procedure involv-
ing centrifugal elutriation and fluorescence-
activated cell sorting. The resulting 2C popu-
lations contained fewer than 1% cells with
greater than 2C DNA content; 4C populations
contained fewer than 0.1% 2C cells. Genomic
DNA (2 mg) from sorted and unfractionated
(lanes 2, 5, 8, 11, 14, 17, and 20) samples was assayed for duplex breaks at the TCR Jb2.5 heptamer recombination signal by a ligation-
mediated PCR-based assay. Following electrophoresis and transfer to a nylon membrane, the specific 99 bp amplification product was
detected by hybridization to a locus-specific internal probe (upper panel). After linker ligation, an aliquot of each sample was assayed by
conventional PCR-based amplification of a 388 bp RAG-1 fragment to confirm the presence of equivalent amounts of genomic DNA (lower
panel). A radiolabeled, 10 bp DNA ladder (lane 1, upper panel) and a HaeIII digest of FX174 DNA (lane 1, lower panel) were used as molecular
mass standards.
genetic background; and third, to assay the cell cycle transgenes, the ratio of CD42CD82 to CD41CD81 cells
distribution of V(D)J recombination intermediates in thy- was increased, although the magnitude of this effect
mocytes from the resulting mice, in which the trans- varied among transgenic lines; a similar increase in wild-
genes represent the sole sources of RAG-2. type RAG transgenic mice has been observed by others
Wild-type RAG-2 or RAG-2(T490A) transgenes were (Wayne et al., 1994b). Notably, neither thymic cellularity
placed under control of the proximal lck promoter, which nor the distribution of CD41CD81, CD41CD82, and
is expressed preferentially in immature thymocytes and CD42CD81 populations was greatly altered in RAG-21/1
is down-regulated in peripheral T cells (Reynolds et al., mice bearing a RAG-2(T490A) transgene (Figure 6C, f
1990). Three lines of transgenic mice were analyzed: line and g).
w6 contained a transgene encoding wild-type RAG-2, Thymocytes from RAG-21/1 or RAG-22/2 mice bearing
while lines m20 and m24 contained transgenesencoding hemizygous wild-type or mutant transgenes were frac-
the RAG-2(T490A) mutant. The steady-state levels of tionated into populations with 2C (G0/G1) and 4C (G2/M)
wild-type and mutant transgene RNA were assayed by DNA content by centrifugal elutriationand fluorescence-
an RNase protection assay (Wayne et al., 1994a) (Figure activated cell sorting. Thymocytes from normal mice
6A). Transgenic and endogenous RAG-2 transcripts were fractionated in parallel. Accumulation of double-
were distinguished by the presence in the transgene of strand DNA breaks at two TCR loci, Jb2.5 and Dd2, was
additional 59 untranslated sequence derived from the assayed in unfractionated, 2C, and 4C populations by
lck gene. Transgene RNA was expressed at similar levels a ligation-mediated polymerase chain reaction (PCR)-
in thymi of hemizygous w6, m20, or m24 mice (Figure
based assay (Roth et al., 1993; Schlissel et al., 1993). In
6B); transgene expression was undetectable in spleen,
thymocytes from normal mice, double-strand breaks at
brain, liver, kidney, or gut (data not shown).
Jb2.5 recombination signal sequences were readily de-
In RAG-2-deficient mice, the CD41CD81, CD41CD82,
tected in the unfractionated (Figure 7, lane 2) and 2C
and CD42CD81 intrathymic T lymphoid populations are
(lane 3) populations, but were absent or greatly reducedabsent (Shinkai et al., 1992; compare Figure 6C, a and
in cells with 4C DNA content (lane 4). A similar paucityb). As expected (Wayne et al., 1994a), a hemizygous
of Jb2.5-associated breaks was observed in 4C popula-wild-type RAG-2 transgene restored the appearance of
tions from mice carrying the wild-type RAG-2 transgeneCD41CD81, CD41CD82, and CD42CD81 thymocytes to
on a RAG-21/1 or RAG-22/2 background (Figure 7, lanesRAG-22/2 mice (Figure 6C, c). Restoration of single and
5–7 and 11–13). In contrast, Jb2.5-associated DNAdouble positive intrathymic populations was likewise
breaks accumulated to similar levels in 2C and 4C thy-observed in the two independently derived RAG-
mocyte populations from mice carrying either the m202(T490A) mutant transgenic lines (Figure 6C, d and e).
or m24 mutant RAG-2 transgene on a RAG-22/2 back-Variable reductions in thymic cellularity were observed
ground (Figure 7, lanes 14–19). Periodicity in the accu-among these transgenic lines relative to normal mice
mulation of Jb2.5-associated DNA breaks was likewise(Figure 6C, g); these reductions were not attributable to
abrogated in mice carrying the m20 transgene on adifferences between the mutant and wild-type trans-
RAG1/1 background (Figure 7, lanes 8–10), indicatinggenes (average cellularity was 1.7 3 107 for the wild-
dominance of the RAG-2(T490A) transgene over endog-type transgenic line; 5.3 3 106 and 4.6 3 107 for the two
enous RAG-2. Similar results were obtained in assaysmutant lines; and 1.2 3 108 for normal controls). In RAG-
22/2 mice reconstituted with wild-type or mutant for DNA cleavage at the TCR Dd2 locus (data not shown).
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Figure 8. Uncoupling of V(D)J Recombina-
tion from the Cell Cycle Fails to Perturb Allelic
Exclusion by a Functionally Rearranged TCR
b Gene
Thymocytes were harvested from female mice
at 3–4 weeks and stained with Cy-Chrome-
conjugated anti-CD3e, PE-conjugated anti–
Vb8.1, 8.2, and FITC-conjugated anti-Vb8.3.
Cells gated for high level staining with anti-
CD3e were analyzed for expression of Vb8.1,
8.2 (Y axis) and Vb8.3 (X axis). The following
mice were analyzed: (A) nontransgenic; (B)
b TG1/2; (C) w61/2, b TG1/2; and (D) m201/2,
b TG1/2.
Taken together, these observations provide strong sup- were stained by the anti–Vb8.1, 8.2 antibody, and fewer
than 0.1% of cells were found to express Vb8.3 (Figureport for the hypothesis that periodic destruction of
RAG-2 protein regulates initiation of V(D)J recombina- 8B). Similar results were obtained for the w61/2, b TG1/2
and m201/2, b TG1/2 double transgenic mice (Figurestion during the cell cycle.
8C and 8D). Notably, mice expressing the RAG-2(T490A)
transgene failed to show a significant relative increaseCoupling of V(D)J Recombination to the Cell
Cycle Is Not Essential for Enforcement in the number of mature thymocytes expressing the
transgenic b chain in combination with endogenousof Allelic Exclusion by a Functionally
Rearranged TCR b Gene Vb8.3 (Figure 8D). Furthermore, the proportion of mature
thymocytes expressing the transgenic b chain was undi-Suppression of RAG-2 accumulation outside of the G0
and G1 cell cycle phases has been proposed to play a minished in the double transgenic mice (99.2% and
99.3% for w61/2, b TG1/2 and m201/2, b TG1/2, respec-critical role in enforcement of allelic exclusion at the
TCR b locus (Dudley et al., 1994; Hoffman et al., 1996). tively). We conclude that coupling of V(D)J recombina-
tion to the cell cycle is inessential for enforcement ofThe availability of mice in which V(D)J recombination is
uncoupled from the cell cycle allowed us to test this allelic exclusion by a TCR b transgene.
hypothesis. Mice bearing a wild-type or mutant RAG-2
transgene were bred tomice bearing a Vb8.2–Db2–Jb2.3 Discussion
transgene, the product of which is directed against the
male-specific antigen H-Y (Uematsu et al., 1988). Hemi- The findings presented in this report identify a phyloge-
netically conserved amino acid sequence element thatzygous female progeny carrying the b transgene alone
(b TG1/2) or in combination with RAG-2 transgenes governs the periodic degradation of RAG-2 protein in
dividing cells and thereby regulates initiation of V(D)J(w61/2, b TG1/2; m201/2, b TG1/2) were examined in com-
parison with a nontransgenic control (Figure 8). The ex- recombination in the cell cycle.
By clustered alanine mutagenesis, two contiguous,tent of allelic exclusion at theTCR b locus was examined
in mature (CD3hi) thymocytes, using monoclonal anti- ten amino acid intervals were found to contain signals
essential for rapid degradation of RAG-2. Evidence pre-bodies specific for Vb products.
Among mature thymocytes from nontransgenic con- sented here indicates that the necessary and sufficient
determinant of RAG-2 stability in the first interval, span-trol mice, 16.7% were stained by an anti–Vb8.1, 8.2-
specific antibody and 5.6% by an anti-Vb8.3-specific ning residues 489–498, is the minimal CDK phosphoryla-
tion site at Thr-490 and Pro-491. Furthermore, mutationantibody; fewer than 0.4% of cells were stained by both
reagents (Figure 8A). As expected, the b transgene was of Thr-490 to serine, which preserves a functional CDK
phosphorylation site, has no effect on the turnover ofseen to exclude expression of functional, endogenous
TCR b chains: more than 98% of mature thymocytes RAG-2 protein relative to wild-type. We have previously
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shown that RAG-2 is phosphorylated by cdc2 in vitro Evidence presented here establishes a link between
at Thr-490 and that suppression of RAG-2 degradation the periodic accumulation of RAG-2 and the preferential
leads to accumulation of a phospho-Thr-490 form of the accumulation of V(D)J recombination intermediates dur-
protein in vivo (Lin and Desiderio, 1993). Taken together ing G0 and G1. Because abrogation of RAG-2 degrada-
with these earlier observations, results presented here tion after G1 is sufficient to allow uniform accumulation
provide strong support for the hypothesis that phos- of recombination intermediates during the cell cycle, we
phorylation by one or more CDKs at Thr-490 targets infer the following: first, the paucity of recombination
RAG-2 for degradation. While we have shown that sev- intermediates normally observed outside of G0 and G1
eral distinct cyclin–CDK complexes are capable of phos- is likely to reflect decreased initiation of rearrangement,
phorylating RAG-2 or RAG-2-derived peptides at Thr- rather than increased resolution of DNA breaks; and
490 in vitro, including complexes containing a p58 cyclin second, RAG-2 is limiting for initiation of rearrangement
(Lin and Desiderio, 1993), cyclin B, or cyclin E, the partic- outside of G0 and G1. These observations do not, how-
ular kinase(s) responsible for phosphorylation of RAG-2 ever, exclude the possibility that activities of other pro-
at Thr-490 in vivo is as yet undefined. teins required for V(D)J recombination are also con-
The determinants of RAG-2 stability in the second strained in the cell cycle. One such candidate is the
interval, spanning residues 499–508, are more complex, product of the XRCC4 gene, which functions in general
but the presence of multiple cationic residues appears double-strand DNA break repair and is required for for-
to becritical. How this region promotes RAG-2 instability mation of coding and signal joints (Pergola et al., 1993;
is at present unclear. Although preliminary evidence Taccioli et al., 1993; Lee et al., 1995; Li et al., 1995).
suggests that RAG-2 is degraded by a mechanism in- The XRCC4 product is required for recovery from DNA
volving polyubiquitination and proteasomal hydrolysis damage induced by ionizing radiation during but not
(Z. L. and S. D., unpublished data), the conserved lysine outside of G1 (Giaccia et al., 1985). The G1-specific
residues in the 499–508 interval cannot represent essen- requirement for XRCC4 in double-strand DNA repair is
tial sites of ubiquitination because all can be replaced by consistent with the apparent timing of RAG-induced
arginine without affecting RAG-2 stability. The 499–508 cleavage at V(D)J recombination signals.
interval is also dispensable for phosphorylation of Thr- In addition to the posttranscriptional mechanism out-
490 in vivo (Lin and Desiderio, 1993). It remains possible lined here, RAG expression in cycling cells may also be
that this region of RAG-2 is required for specific recogni-
regulated at the transcriptional level. This is suggested
tion of RAG-2 by the proteolytic apparatus.
by the observation that RAG-1 and RAG-2 transcripts
The CDK phosphorylation site at Thr-490 and the
are more abundant in resting or slowly dividing cell pop-
downstream cationic region were both found to be es-
ulations undergoing V(D)J recombination than in rapidly
sential for the periodic destruction of RAG-2 at the G1–S
proliferating lymphoid progenitor subsets (Wilson et al.,
cell cycle transition and the suppression of RAG-2 accu-
1994; Karasuyama et al., 1994; Rolink et al., 1994; Gra-mulation outside of G1. The simplest interpretation of
wunder et al., 1995). Nonetheless, our results suggestthis result is that in dividing cells, RAG-2 accumulation is
that posttranscriptional regulation is sufficient to con-constrained to the G1 cell cycle phase through regulated
strain accumulation of V(D)J recombination intermedi-RAG-2 proteolysis, which is initiated at the G1–S transi-
ates in the cell cycle. In the transgenic mice describedtion and persists through mitosis. The data suggest,
here, wild-type and mutant RAG-2 proteins were ex-furthermore, that the periodic disappearance of RAG-2
pressed from a heterologous promoter that is constitu-requires phosphorylation at Thr-490 by one or more
tively active in immature T lymphoid cells. This allowedCDKs. While the region of RAG-2 governing instability
us to assess the effect of mutation at Thr-490 withoutand periodic accumulation has no known sequence ho-
the potential complication of transcriptional control atmolog, recent evidence suggests thepresence of a func-
the RAG-2 promoter. The ability of wild-type RAG-2 totional homolog within the yeast G1-specific cyclin Cln2
support periodic accumulation of V(D)J recombination(Lanker et al., 1996). Cln2, which accumulates specifi-
intermediates when removed from its normal transcrip-cally in the G1 cell cycle phase and is destroyed at the
tional context, and the loss of periodicity observed uponG1–S transition, is phosphorylated in vivo by Cdc28 and
mutation of Thr-490, provide strong support for the hy-contains a cluster of seven minimal CDK consensus
pothesis that initiation of V(D)J recombination is con-sites; simultaneous mutation of these sites was associ-
trolled in the cell cycle by a posttranscriptional mecha-ated with hyperaccumulation of Cln2 and prolonged
nism involving periodic degradation of RAG-2 protein.Cln2 half-life (Lanker et al., 1996). How phosphorylation
Furthermore, accumulation of V(D)J recombination in-might target RAG-2 or Cln2 for degradation is as yet
termediates outside of G0/G1 appears not to be limitedunclear, but studies of the transcriptional inhibitor pro-
by expression or activity of RAG-1.tein IkBa have revealed the existence of a mechanism
We have considered the possibility that subtle differ-by which ubiquitination and proteasomal degradation
ences in transgene expression might account for differ-are linked to phosphorylation (Alkalayet al., 1995; Brown
ences in accumulation of V(D)J recombination interme-et al., 1995; Chen et al., 1995). Whether a similar coupling
diates, but believe this is unlikely because identicalacts to regulate accumulation of RAG-2 is unknown. The
results were obtained with two independently derivedCDK phosphorylation site and the determinants found
mutant transgenic lines, using assays for cleavage atin the cationic interval seem, however, to function in the
two distinct loci, Dd2 and Jb2.5. A second potentialsame degradation pathway, since simultaneous muta-
concern is that differences in accumulation of V(D)J re-tion of both elements failed to increase RAG-2 accumu-
combination intermediates might result from transgene-lation above the level observed when each was mutated
alone. associated changes in T cell development. Two obser-
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vations argue strongly against this possibility. First, serve to protect against deleterious effects of double-
strand DNA cleavage, including genomic instability orexpression of themutant transgene was associated with
constitutive accumulation of recombination inter- apoptosis, but a role in enforcement of recombination
fidelity is also conceivable. The availability of transgenicmediates even in RAG1/1 mice, under which conditions
thymic cellularity and distribution of CD41CD81, CD41 mice in which V(D)J recombination isuncoupled from the
cell cycle should facilitate assessment of these potentialCD82, and CD42CD81 thymocyte subsets were nearly
unperturbed. Second, mice reconstituted with the wild- functions.
type transgene, like mice reconstituted with RAG-
Experimental Procedures2(T490A), exhibit reduced thymic cellularity and an in-
creased CD42CD82 to CD41CD81 ratio; nonetheless,
DNA Constructions and Site-Directed Mutagenesisrecombination intermediates accumulated in wild-type
Clustered alanine-scanning mutagenesis was performed by diver-
transgenic mice with a periodicity similar to that ob- gent PCR, using oligonucleotide primers whose 39 portions corre-
served in normal controls. spond to sequences flanking the region of RAG-2 to be mutated
and whose the 59 portions encode an alanine substitution. A PstIOur results may provide a molecular explanation for
restriction site (CTGCAG, each half of which is an alanine codon)the observation that during B cell development, expres-
was included near the 59 end of each primer. The 314 bp SacI–EcoRIsion of RAG-2 protein is suppressed in the rapidly divid-
fragment of pBS-RAG-2 (Lin and Desiderio, 1993), comprising theing, m1, L-chain2 (large pre-B II) population despite the
39 end of the RAG-2 coding sequence, was ligated into pBlue-
presence of RAG-2 transcripts (Grawunder et al., 1995). script(SK), and the resulting plasmid, pBS-RAG-2-S/E, served as
During the rapid proliferation of double negative thymo- the template for mutagenesis. After amplification of pBS-RAG-2-S/
E (948C [4 min]; 25 cycles at 948C [1 min], 608C [1 min], 728C [3 min];cytes that follows the transition from CD44loIL-2R1 to
728C [10 min]), the resulting product was cut with PstI, circularizedCD44loIL-2R2 (Dudley et al., 1994), a similar discordance
by ligation, and propagated in bacterial cells. An alanine substitutionbetween expression of RAG-2 protein and RNA has been
at Pro-491 (P491A) was introduced by a similar method. Sequencesobserved (Hoffman et al., 1996). The disappearance of
of primers used for alanine-scanning mutagenesis and for construc-
RAG-2 protein during these transitions from quiescence tion of the P491A mutant are available upon request. All other single
to rapid cycling has been proposed to function in en- and multiple amino acid replacements were introduced by the re-
combination PCR method (Jones andWinistorfer, 1992), using muta-forcement of allelic exclusion (Dudley et al., 1994; Gra-
genic primers (sequences available upon request) and pBS-RAG-wunder et al., 1995; Hoffman et al., 1996). The ability of
2-S/E as the template. Amplification was carried out as follows:the RAG-2 T490A mutation to uncouple V(D)J recombi-
948C (4 min); 25 cycles at 948C (1 min), 508C (1 min), 728C (3 min);nation from the cell cycle in a dominant fashion enabled
728C (10 min). The identities of all mutants were confirmed by di-
us to test this hypothesis directly. In doubly transgenic deoxynucleotide sequencing.
mice, the extent of allelic exclusion by a functionally The wild-type RAG-2 expression plasmid pcRAG-2 was con-
structed by ligating the RAG-2-containing HindIII–BamHI fragmentrearranged TCR b gene was undiminished under condi-
of pBS-RAG-2 (Lin and Desiderio, 1993) into pcDNA I (Invitrogen).tions in which V(D)J recombination was uncoupled from
Plasmids for expression of RAG-2 mutants were generated by re-the cell cycle. Thus, inactivation of the V(D)J recombi-
placing the 346 bp wild-type SacI–XhoI fragment of pcRAG-2 withnase outsideof G0/G1 is inessential for efficient enforce-
the corresponding restriction fragment from a mutant derivative of
ment of allelic exclusion, at least when exclusion is ef- pBS-RAG-2-S/E.
fected by a functional b transgene. This result is
consistent with the observation that allelic exclusion by Cell Culture and Transfection
NIH 3T3 cells were propagated in Dulbecco’s modified Eagle’s me-an exogenous b mini-locus is intact in pre-Ta-deficient
dium (DMEM) supplemented with 10% calf serum (DMEM-10C). Themice, despite impairment of the proliferative expansion
human embryonic kidney cell line 293 was propagated in DMEMthat accompanies the CD44loIL-2R1 to CD44loIL-2R2
supplemented with 10% fetal bovine serum (DMEM-10).
transition (Xu et al., 1996). A distinction should be noted, For transient expression, pcRAG-2 or its derivatives were cotrans-
however, between allelic exclusion by a transgene and fected with pRSV-T into 293 cells by the calcium phosphate method
as described. To generate cell lines stably expressing wild-type orexclusion by endogenous alleles. Our results indicate
mutant RAG-2, pcRAG-2 or its derivatives were cotransfected withthat degradation of RAG-2 upon entry into S phase pro-
pSV2neo at a ratio of 20:1 by the calcium phosphate method. Stablevides a pause in initiation of V(D)J recombination. Such
transfectants were selected by propagation in 1.0 mg/ml G418 asa pause, while dispensable for exclusion by a preassem-
described, andcell lines were derived from individual G418-resistant
bled locus, might contribute to enforcement of allelic colonies.
exclusion by a newly assembled gene. Although we ob-
served no increase in the proportion of mature thymo- Assay for RAG-2 Protein
RAG-2-expressing cells were collected, washed once in PBS, lysedcytes expressing more than one Vb product in wild-type
in 60 mM Tris–HCl (pH 7.6), 1% SDS, and boiled for 5 min. Transientlyor mutant RAG-2 transgenic animals relative to normal
transfected cells were harvested at 48 hr after transfection. Proteinlittermates (J. L., D. I. D., and S. D., unpublished data),
concentration was determined by the BCA assay (Pierce), and
the expected maximal increase in frequency of double lysates (100 mg per sample) were fractionated by 7.5% SDS–poly-
expressing cells is small relative to background. It there- acrylamide gel electrophoresis (SDS–PAGE). Protein was trans-
fore remains formally possible that cell cycle–dependent ferredto nitrocellulose and detectedby immunoblotting with affinity-
purified anti-RAG-2 antibodies (2–10 ng/ml) as described (Lin anddestruction of RAG-2 contributes to allelic exclusion by
Desiderio, 1993). Immunoreactiveproteins were detected by incuba-endogenous genes.
tion with horseradish peroxidase (HRP)-coupled goat anti–rabbitBecause the amino acid residues governing periodic
IgG (Sigma) at 0.009 peroxidase U/ml (1:4000 dilution) for 1 hr at
degradation of RAG-2 are strictly conserved in phylog- room temperature; immobilized HRP was visualized by an enhanced
eny, suppressionof RAG-induced DNA cleavageoutside chemiluminescence assay (Amersham). Films were digitized by opti-
of G0 and G1 is likely to confer an evolutionary advan- cal scanning, and data were quantitated using ImageQuant software
(Molecular Dynamics).tage. Cell cycle regulation of V(D)J recombination may
Cell Cycle Control of V(D)J Recombination
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Determination of Protein Synthetic Rate and Half-Life introduced onto a RAG-2-deficient genetic background by first mat-
ing homozygous transgenic and RAG-22/2 mice (Shinkai et al., 1992)At 48 hr after transfection, 293 cells were washed twice in DMEM
without methionine, supplemented with 10% dialyzed fetal bovine and then backcrossing the F1 progeny to RAG-22/2 mice. Double
transgenic mice were generated by mating hemizygous wild-typeserum. Cells were then incubated in 2 ml of DMEM without methio-
nine for 30 min at 378C; after addition of 0.6 mCi of [35S]methionine or mutant RAG-2 transgenic animals with mice bearing a single,
H-Y-specific, Vb8.2–Db2–Jb2.3 transgenic allele (Uematsu et al.,(1050 Ci/mmol), cells were incubated further for 15 min at 378C. For
determination of relative synthetic rates, cells were washed once 1988). Offspring were typed by PCR using transgene-specific oligo-
nucleotide primers. Expression of wild-type and mutant RAG-2 RNAimmediately after labeling with PBS and lysed in 1 ml of ice-cold
RIPA buffer (150 mM NaCl, 50 mM Tris–HCl [pH 8.0], 50 mM NaF, was measured by an RNase protection assay; the hybridization
probe was constructed and RNase protection was carried out as1 mM Na3VO4, 0.25 mM PMSF, 1% NP40, 0.5% deoxycholic acid,
0.1% SDS, 2 mg/ml aprotinin, 2 mg/ml leupeptin, 1 mg/ml pepstatin, described previously (Wayne et al., 1994a), except that the DNA
fragment used as template for generation of the probe was cloned2.5 mg/ml antipain, 1 mg/ml chymostatin). For measurement of pro-
tein half-life, cells were collected after labeling by centrifugation into pGEM3Z, which was linearized by digestion with EcoRI. Total
RNA was prepared from tissue samples by guanidinium isothiocya-and resuspended in DMEM-10 supplemented with a 30,000-fold
excess (final concentration 2 mM) of unlabeled methionine and 10 nate disruption, ethanol precipitation, and reverse phase chroma-
tography (Qiagen), according to a protocol provided by the manufac-mg/ml cyclohexamide. At 0, 5, 10, 20, 40, 80, 160, and 320 min
thereafter, aliquots of cells were removed and lysed in 1 ml of ice- turer.
cold RIPA buffer.
Lysates were clarified at 12,000 3 g for 10 min at 48C, and RAG-2
Fluorescence Cytometryprotein was immunoprecipitated as follows. To 500 ml of clarified
Thymi were dispersed by crushing between glass slides, and cellslysate (5 3 106 cell equivalents) we added 5 mg of affinity-purified
were resuspended in RPMI 1640 medium supplemented with 10%RAG-2 antibody Ab435 (Lin and Desiderio, 1993). After incubation
fetal bovine serum (RPMI-10). Cells (106 cells per sample) were col-for 2 hr on ice, 40 ml of protein A–Sepharose CL-4B (50% slurry in
lected by centrifugation, washed once with staining buffer (13 PBS,RIPA buffer) was added, and samples were rocked at 48C for 1 hr.
1% calf serum, 0.02% NaN3), and preincubated with 1% normalBeads were collected by centrifugation, washed three times in RIPA
mouse serum in staining buffer for 15 min on ice. For analysis ofbuffer, and boiled in 40 ml of SDS sample buffer for 5 min. Protein was
CD4 and CD8 expression, cells were stained by incubation for 30fractionated by 7.5% SDS–PAGE and detected by autoradiography.
min on ice with fluorescein isothiocyanate (FITC)-conjugated anti-Radiolabeled RAG-2 protein was quantified by phosphorimager
CD4 at 10 mg/ml and phycoerythrin (PE)-conjugated anti-CD8 at 2(Molecular Dynamics).
mg/ml. For analysis of allelic exclusion in double transgenic mice,
thymocytes were harvested at 3–4 weeks and stained for 30 min
Cell Cycle Synchronization on ice with Cy-chrome-conjugated anti-CD3e antibody 145-2C11,
NIH 3T3 cells or their stably transfected derivatives were grown to FITC-conjugated anti-Vb8.3 antibody 1B3.3, and PE-conjugated
80% confluence in DMEM-10C. Cells were then subjected to serum anti–Vb8.1, 8.2 antibody MR 5-2. All conjugated antibodies were
starvation by incubation in DMEM medium containing 0.5% calf obtained from Pharmingen. CD3ehi cellswere gated for analysis of Vb
serum. After 48 hr, calf serum was increased to 10%, and cells were expression. Flow cytometry was performed on a FACScan (Becton
collected at various times thereafter. For flow cytometric analysis Dickinson).
of DNA content, aliquots of cells were fixed overnight at 48C in 50%
ethanol and then stained in PBS containing 100 mg/ml propidium
Assay for V(D)J Recombination Intermediatesiodide and 10 mg/ml ribonuclease at room temperature for 30 min.
Thymocytes from 7- to 10-day-old mice were resuspended in RPMI-Samples were analyzed using a Coulter EPICS 752 flow cytometer.
10. After lysis of erythrocytes in 150 mM NH4Cl, 10 mM KHCO3, 0.1For each sample the percentages of cells in G1, S, or G2/M were
mM EDTA, the remaining cells were resuspended in elutriation buffercalculated using the program MULTICYCLE (Phoenix Flow Sys-
(13 PBS, 30 mM EDTA, 1% fetal bovine serum, 1% [w/v] glucose).tems). The remaining cells were assayed for RAG-2 protein by immu-
Centrifugal elutriation was used as described (Lin and Desiderio,noblotting as described (Lin and Desiderio, 1994).
1994) to obtain a population enriched in cells with greater than 2C
DNA content. This population was separated into highly purified 2C
Peptide Phosphorylation and 4C fractions by fluorescence-activated cell sorting. Cells (2.5 3
The following synthetic peptides were assayed for phosphorylation 107 to 5 3 107) were collected by centrifugation and resuspended
in vitro by cyclin B–cdc2: ALQTPKRNPPLQ, ALQAPKRNPPLQ, ALQ in RPMI-10 containing 0.1 mg/ml propidine iodide and0.025% NP40.
TAKRNPPLQ, ALQTPAANPPLQ, RRRALATPAAAAAAA, RRRALATA After 1 hr on ice, cells were sorted according to DNA content with
AAAAAAA, RRRALQTPAANPPLQ, and RRRALQSPAANPPLQ. Pep- a FACSscan. 2C (3 3 106 to 8 3 106 cells) and 4C (0.8 3 106 to 2 3
tides were dissolved in water at 2 mg/ml. Each peptide (10 mg) was 106 cells) fractions were collected in RPMI 1640 and lysed in a buffer
incubated with 20 ng of cyclin B–cdc2 (Upstate Biotechnology) in containing 100 mM NaCl, 10 mM Tris–HCl (pH 8.0), 1 mM EDTA,
a 40 ml reaction containing 20 mM MOPS (pH 7.6), 15 mM MgCl2, 0.5% SDS, 0.2 mg/ml proteinase K, and the lysate was incubated
10 mM b-glycerophosphate, 1 mM EGTA, 1 mM sodium vanadate, at 378C for 16 hr. Samples were extracted with phenol, and genomic
40 mM ATP, and 10 mCi [g-32P]ATP at 308C for 40 min. Reactions DNA was collected by ethanol precipitation.
were stopped by addition of 25 mM EDTA, and 2 ml of each sample Double-strand breaks at recombination signal sequences were
was spotted onto thin-layer cellulose. Products were separated by detected by ligation-mediated PCR as described (Schlissel et al.,
ascending chromatography in butanol:pyridine:acetic acid:water 1993), with minor modifications. Genomic DNA (2 mg) was ligated
(60:40:20:80) and detected by autoradiography. to the BW linker in a 30 ml reaction containing 3.75 U of T4 DNA
ligase for 16 hr at 168C. For detection of breaks at the Jb2.5 locus,
the oligonucleotide ZL162 (59-GTGAGTCAAAACACCTTGTACTTTGConstruction of Transgenic Mice and Analysis of
Transgene Expression GTGCG-39) was used as a locus-specific primer (Malissen et al.,
1984); the locus-specific primer DR6 (Roth et al., 1993) was usedWild-type RAG-2 or RAG-2(T490A) coding sequences were cloned
independently into the BamHI site of the expression vector for amplification of Dd2-associated breaks. Amplification reactions
contained 333 ng of genomic DNA. Amplification with locus-specificp1017(plck-hGH) (Chaffin et al., 1990) to produce p1017-RAG-2 and
p1017-RAG-2(T490A). NotI restriction fragments, containing RAG-2 primers and the linker-specific primer BW1 (Schlissel et al., 1993)
was carried out under the following conditions: 948C (4 min); 35wild-type or mutant coding sequences inserted between lck and
hGH regulatory elements, were excised, purified, and microinjected cycles at 948C (1 min), 668C (2.5 min); 728C (10 min). Products were
separated by electrophoresis through a 6% polyacrylamide gel andseparately into fertilized eggs of B6SJL F1 mice. Transgenic lines
were maintained in a pathogen-free environment; hemizygous mice stained by ethidium bromide for 15 min. DNA was transferred elec-
trophoretically to a nylon support and specific products were de-were bred to wild-type CD1 mice and the resulting F1 generation
was bred to homozygosity. Wild-type and mutant transgenes were tected using oligonucleotide probes specific for Dd2 (DR2; Roth
Immunity
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et al., 1993) or Jb2.5 (ZL164; 59-GGTGCTAGGTAAGCTGGGGTA Hoffman, E.S., Passoni, L., Crompton, T., Leu, T.M.J., Schatz, D.G.,
Koff, A., Owen, M.J., and Hayday, A.C. (1996). Productive T-cellTAG-39) (Malissen et al., 1984).
To confirm the presence of equivalent amounts of genomic DNA receptor b-chain gene rearrangement: coincident regulation of cell
cycle and clonality during development in vivo. Genes Dev. 10,in all samples, an aliquot of each sample was removed after linker
ligation, and a 388 bp RAG-1 gene fragment was amplified by con- 948–962.
ventional PCR, using primers ZL54 (59-GCATCTATTCT-GTAGGATC Jones, D., and Winistorfer, S. (1992). Recombination circle PCR
TGC-39) and ZL55 (59-AAACAATGTCAAGCAGACAGCC-39); the con- and recombination PCR for site-specific mutagenesis without PCR
ditions for thermal cycling were: 948C (4 min); 30 cycles at 948C (1 product purification. Biotechniques 12, 528–530.
min), 508C (1 min), 728C (3 min); 728C (10 min).
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